After the six-month long In-Orbit Commissioning Phase (IOCP) the SMOS satellite started to work in its fully operational mode. During the IOCP, the payload MIRAS was completely characterized, both in short-and long-term, and the optimum calibration rate for in-flight operation was established. The results show that the amplitude of the visibility is very stable, thus allowing a very low calibration rate, and that the phase has a systematic and periodic variation, easily tracked with short but frequent internal calibration sequences. Absolute calibration for antenna temperature is carried out by external maneuvers to account for drift in the reference Noise Injection Radiometer. Brightness temperature images of good quality are obtained by inverting the calibrated visibility. The images show features compatible with ocean salinity over ocean and soil moisture over land.
SOME RESULTS ON SMOS-MIRAS CALIBRATION AND IMAGING
Ignasi Corbella (1) , Francesc Torres (1) , Nuria Duffo (1) , Verónica González-Gambau (1) , Israel Duran (1) , Miriam Pablos (1) , Manuel Martín-Neira (2) 1. INTRODUCTION SMOS (acronym of Soil Moisture and Ocean Salinity) is an European Space Agency (ESA) mission aimed at providing global maps of soil moisture over land and sea surface salinity over oceans [1] . The mission payload is the Microwave Imaging Radiometer with Aperture Synthesis (MIRAS) [2, 3] , an L-band, Y-shape 2D interferometric radiometer manufactured by EADS-CASA Espacio (ES) and integrated to a generic PROTEUS platform manufactured by Thales Alenia Space. SMOS was successfully launched on 2nd November 2009 from the Plesestz cosmodrome by a launcher from Eurockot. The payload was switched on on 17th November and since then raw data measurements are being received regularly by the ground segment data acquisition station, located near Madrid (ES). After due processing, they provide the firstever global brightness temperature maps at L-band. The first six months of operation were dedicated to make a complete and systematic check of the payload, including the retrieval of all calibration parameters and their temperature dependance [4] . Good brightness temperature images can be produced by inverting the calibrated visibility, which is a good indicator of the quality of the calibration. This paper shows some of the results, especially those dealing with the main calibration parameters and their stability; and the brightness temperature imaging. All the results have been obtained using the MIRAS testing software [5] , developed by the UPC team.
CALIBRATION
Calibration is needed to provide accurate values of visibility for all receiver pairs and antenna temperature for at least one element. Besides, image reconstruction algorithms [6, 7] need the fringe washing function shape and the flat target response [8] . MIRAS uses a combination of both external and internal calibration to estimate all the time varying parameters [9] . Stable parameters such as antenna patterns, S-parameters of noise distribution network and others, are directly used from on-ground characterization [10] .
The outcome of the MIRAS calibration system consists of the following parameters: the PMS (power monitoring system) gain G k and offset v off , the correlation complex gain G kj in amplitude and phase, the NIR source noise temperature T NA and the the normalized fringe washing function [11] . All of them are periodically updated during the mission to account for instrumental drifts. Additionally, the Flat Target Response [8] is also considered a calibration parameter.
Internal and External calibration
External calibration is performed by commanding the platform to go into inertial attitude. In this case, the instrument starts to rotate with respect to the earth-fixed coordinate system until the earth disappears from the field of view of the antenna. At this point, the radiometer is measuring the brightness temperature of a fixed point of the sky, which is chosen to be near the galactic pole to avoid influence from the Galactic emission. Since the sky brightness temperature at L-band is known [12] , the calibration parameters of the instrument are adjusted so as to match the measurements to this absolute reference. External calibration provides the best quality of calibration and it is the only way to obtain the absolute accuracy of the instrument. However, the pointing maneuvers cannot be performed too often and the impact in terms of percentage of time dedicated to calibration is high.
Internal calibration is carried out by periodically injecting noise to all receivers using an internal source and a distribution network [11] . It tracks fast variations of parameters, but for those requiring a known calibration standard, it cannot provide their absolute values. In this case, the accuracy of the internal calibration relies on the quality of a secondary standard, which has to be previously calibrated using the external view. On the other hand, noise injection is very fast and is easily interspersed between normal measurement operation.
The calibration method utilized for each of the parameters is the following • PMS gain: External calibration with periodic tracking by internal calibration
• PMS offset: Internal calibration.
• Correlator gain (amplitude and phase): Internal calibration.
• NIR internal noise temperature: External calibration
• Fringe washing function parameters: Internal calibration
Calibration rate
Most of the calibration procedures and measurement sequences were precisely defined during the on-ground characterization of the instrument [10] . Then, the in-orbit commissioning phase has been essential to adjust the timing of calibration events in accordance with the real in-flight instrument operation [4] . Particularly, the following general trends have been observed:
• Flat Target Response: Stable, to be corrected only twice a year.
• Fringe washing function shape: The same stability as the Flat Target Response
• Visibility amplitude: To be updated once every 8 weeks
• Antenna temperature: Needs to be calibrated every 2 weeks
• Visibility phase. A calibration is needed every 10 minutes.
Some parameters, as the PMS gain and offsets have been accurately characterized in terms of temperature variation though the computation of sensitivity parameters. This, in combination with a very low physical temperature drift of the whole instrument, has allowed to reduce the need for their frequent calibration updates. New sensitivity parameters have been derived during the in-orbit commissioning phase and they are very well in agreement with the ones obtained during the ground characterization.
As a general rule, the percentage of total time devoted to calibration must be the minimum, just to ensure that the quality of the measurements is according to the requirements. In SMOS, about one percent of the time is used in calibration. This has been achieved by minimizing the number of external calibration maneuvers, using accurate thermal characterization and agreeing a compromise value for the parameters changing the fastest (phase of visibility). Figure 1 shows a plot of the long-term stability of the amplitude of correlator gain (G kj ), along with the short-term variation of its phase for a baseline having two different local oscillators. As seen, the amplitude has negligible variation from one calibration event to another. On the other hand, the phase variation is large, but can be easily tracked by frequent internal calibration sequences: every ten minutes a short burst of correlated noise is injected during 1.2 seconds to all receivers to measure this phase. Figure 2 shows the measurements of PMS gain during a specific test carried out to derive its thermal sensitivity. The figure shows a comparison between the measured gain and the one derived from the physical temperature and the sensitivity, demonstrating that the gain can be accurately tracked just by measuring the temperature sensors. Figure 3 shows the long-term stability of both PMS gain and offset. It shows the difference of the averaged values retrieved during ten calibration events distributed regularly between 12th January to 11th May 2010. It turns out that the long-term drift is lower than 0.5 mV for the offset and 0.2% for the gain, which has led the the proposal of a PMS intercalibration period of eight weeks to be conservative. Figure 4 shows an example of several snapshots in a pass over Australia in dual polarization mode. Since the polarization is mixed in the field of view, the definitions Horizontal and Vertical refer to the sub-satellite track. These images were obtained just two weeks after the payload switch-on with still uncomplete calibration. Nevertheless, they already show that the instrument is capable of producing good brightness temperature images. Improved images were obtained after the instrument was fully characterized and calibrated. Figure 5 shows two images corresponding to four-day cumulated data over Australia acquired in January 2010 and in February 2010. Between both dates there were strong rain events in the eastern part of Australia due to the pass of the tropical storm "Olga". This is clearly visible in the images, where lower britghtness temperatures are measured after the pass of the storms.
Calibration parameters trend

IMAGING
Over the ocean the brightness temperature is lower than in land and has also a much smaller dynamic range than in land. On the other hand its spatial variation is much smoother, allowing to perform spatial averages. Figure 6 shows the averages of 150 consecutive snapshots over the ocean both for horizontal and vertical channel. The strong dependance with the incidence angle, characteristic of the ocean brightness temperature is clearly visible in these images. Also, some artifacts can be seen in the extended alias-free zone, in which a model is used to estimate the brightness temperature of the sky alias zone and the result subtracted to the images. This procedure is not eliminating all the errors in the sky alias zone. To assess the instrument capability of making brightness temperature images, only the strict alias-free zone has been considered in subsequent processing.
As an example, figure 7 shows the image of four-day cumulated first Stokes parameter over the Atlantic. As expected, it has lower values in those regions where the salinity is known to be larger according to the NOAA climatological data. 
CONCLUSIONS
SMOS is producing high quality brightness temperature images thanks to the accurate characterization and calibration of the instrument MIRAS, which was performed first on ground and later in flight conditions during the In-Orbit Commissioning phase. Most of the calibration parameters have very small drift with time and temperature, while the others are accurately tracked using sensitivity coefficients or specially designed internal calibration sequences. The overall time dedicated to calibration is slightly larger that 1% of the measurement time, in agreement with the mission requirements. Images of first Stokes parameter over land and ocean show geophisical features compatible with soil moisture and salinity respectively.
